Abstract
threads of various and complex shapes. The analysis of solids formed in the channels between threads proves big differences in such objects, which is important not only for air, water vapor and heat flow but also for examining and attaining the barrier effect against various types of electromagnetic radiation, e.g. IR and UV [1] [2] [3] [4] . The relation of the configuration of the woven fabric structure (resulting from the voids between threads) to the barrier effect coefficient UPF, characterising the value of UV transmittance, was found [2] [3] . Between the analytical descriptions of the model configurations and the real woven fabrics, there are significant differences. While utilising a woven fabric, it goes through stretching and shrinking phases, obtaining different shapes of spatial channels, which noticeably change the actual conditions of usage resulting from the predetermined structure of a woven fabric [1] . A structural model of a flat textile product is based on the ideal model of yarn with a circular cross-section and homogeneous compact structure [1] .
In fact, yarn, in particular that made of staple fibers, is characterised by a variability in linear density, while of the cross section textured yarns significantly differs from a circular cross-section. For this reason, in the further stages of the research on the virtual modeling of a flat textile product, a geometric model of yarn is adopted based on the spatial scanning of long sections of yarn.
The presence of narrowings in a channel leads to changes in the course of velocity of the air stream, fluid transported through the woven fabric, or the electromagnetic radiation used [1] .
A complex spatial configuration in the structure of the product in the form of large quantities of channels of different size and distribution in textile and between-thread arrangements makes it difficult to describe the transport of air, moisture and heat. Due to the nature of its application, a flat textile material must fulfill a number of functions, in which the most important are protection against adverse climatic conditions and assurance of physiological and hygienic comfort.
Introduction
The spatial structure of flat textile products significantly affects their applicability and barrier properties for different media, as shown by J. Szosland [1] . Studies on the structure of woven fabrics have shown channel spacings between the of the weaving process. The parameters of the internal structure can be identified on the basis of a computer image of the woven fabric and influence, among others, filterability and the propagation of multidirectional internal stress, as well as display the ability of spatial formation under the influence of a load. A stand for measuring multidirectional stresses in the structure of woven fabric was used in the research applying computer image analysis. The structural parameters of woven fabrics, including yarn spacing as well as the size, shape and position of spacings between the threads were identified. These studies allow us to evaluate the behaviour of the woven fabric's structure in relation to a spherical load in a multidirectional arrangement of the distribution of internal stress and enable to determine the size and shape of the deformations [7] .
The porosity of textile products in a 2D configuration in the context of yarn properties was also discussed and the significant influence of yarn properties, especially its hairiness, on the porosity of the textile products tested was stated [8] .
Some research works on the influence of the structure of knitted products on their biophysical properties were limited to the correlation between known parameters of the knitted fabric structure (tightness, thickness, filling coefficient) and biophysical properties [8] . The relationship between the parameters characterising the spatial structure of a knitted fabric and biophysical properties was not determined despite conditioning the phenomena of air and heat flow within the system of channels and spacings between threads. In these studies the application of digital 2D image processing of a knitted fabric and computer registration of the results were taken into account. The number and dimensional value of porosity between the threads and their arrangement in a knitted fabric were determined. In studies on the structure of knitted fabrics, the need for more research in the direction of three-dimensional image analysis to evaluate the spatial structure of knitted textiles was indicated [9] .
The need to extend studies on the structure of flat textile products in the field of image processing techniques in a 3D configuration has also been discussed in recent literature reports [6] [7] 10 ].
The recognition and identification of spatial objects which form channels between threads in woven fabric are important not only for air flow and humidity transfer, but they can also be used for in-depth structural analysis such as the creation of a barrier effect with the use of woven products for various kinds of adverse electromagnetic radiation, or when determining different properties of woven fabrics. Currently, IW (Textile Institute) in cooperation with Lodz University of Technology (TUL) and Texo Systems is conducting research works on the application use of knowledge gained and on the structure of woven fabrics in a 3D configuration taking into account the indepth identification of channels between threads. It is a new unique approach to the practical use of assessing a woven fabric's structure [11] [12] [13] [14] [15] [16] . The methods of channel analysis developed allow to refer to a greater diversity of the structure of flat textile products and to make more efficient use of their properties, such as for optimisation of the flow of various media (air, moisture, heat and various types of electromagnetic radiation such as IR or UV), as well as to investigate the barrier properties of these products.
Materials
Aim and scope of the research The aim of the study was to determine the relationship arising from the influence of the size and arrangement of the channels between threads in flat textile products and already-known parameters of the products on their air permeability. The characteristics of flat textile products and relevant parameters of the channels between threads were used to achieve the aim of the research.
The range of the research material consisted of polyester-cotton woven fabrics with different percentages of polyester and cotton fibers as well as warp and single-jersey polyester weft knitted fabrics. Materials of different weaves, surface weight, thickness, sett of warp and weft or tightness and different approximate volume of the channel, surface area of spacing and angle of channel inclination were used, see Table 1) . The knitted fabrics presented were the subject of previous research works conducted at IW [14] , where they were produced on a Raschel knitting machine by Mayer -type RM6 and needle cut 32/2 S. The background of the knitted fabrics was made of polyester yarns with a linear density of 110 dtex f24. A two-component yarn -VSc Lenzing of 75% / 25% PES with a linear density of 40 tex was inserted in the structure of a knitted fabric along the wales in the form of a vertical weft thread at a distance between successive weft threads of not more than 10 mm.
The three variants of knitted fabrics introduced differed in the filling coefficient of the background with polyester yarn. These knitted fabrics were characterised by the greatest sizes of through-channels among the flat textile products investigated according to the microscopic observations performed.
The woven fabrics selected for testing had a sateen weave, which completed the woven fabrics with plain weave and twill previously tested, together giving a group of three essential weaves whose structure significantly vary.
Woven fabrics marked as LJ 1/05 and LJ 4/06 do not have through-channels between threads and, when using a microscope and light transmitted from below, you can see only weak spacings of light. At IW, investigations on the relevant physical and mechanical parameters were made for knitted and woven fabrics, and the collective characteristics of the products were established on the basis of previous research results and those currently conducted, see Table 1 .
Research methodology
Research methodology was based on: 1. Investigation of selected physical and mechanical properties of woven and knitted fabrics and their analysis, see Table 1 . 2. Investigation of the channels between threads in woven fabrics using the stereovision method [12] [13] . 3. Preliminary investigations on flow through flat textile products, including air permeability and their analysis. 4. Reconstruction analysis of the diameter of the channel's inlet in woven fabric using micro scanning with structured light [15] [16] .
Statistical analysis of investigations
on the air permeability of textile products with known characteristics in the context of the parameters of channels between threads.
Study on the channels between threads according to the stereovision method developed for selected flat textile products
The following parameters of the channels between threads were determined in previous works using [12-13] a method developed for testing the channels between threads for flat textile products: channel length D, µm, surface area of spacing P, μm 2 , and angle of channel deviation from the vertical position α, °. This research was carried out for woven fabrics of plain and twill weave. For a single channel and for the entire image of the woven fabric viewed, the approximate volume of the channel V p , μm 3 was calculated on the basis of the surface area of the spacing and the angle of channel deviation from the vertical position, according to which the channel length was determined. A new coefficient of surface spacings of the woven fabric ξ (1) was introduced, determining the relation of the surface area of the spacing and the total surface area of the woven fabric in a 3D configuration [12] [13] .
For the flat textile products tested there was no correlation stated between the size of the surface area of the channel and its angle of inclination. Values of the standard deviation and coefficient of variation for selected parameters of the channels between threads: surface area of spacing and angle of channel deviation from the vertical position, prove highly dispersed results. The average area of spacing for a 3D configuration is comparable to the porosity parameter for a 2D configuration, while the method determining the surface area of the spacing is more precise for a 3D configuration. Values of the surface area of spacings obtained for the same products differed significantly. The median value of the angle of the channel inclination for the woven fabrics tested was within the range α = 19.30°-36.51°. The lengths of the channels were greater than the thickness of the woven fabric due to the inclination of the channel, where the approximate value of the channel volume depends more on the size of the surface area of spacing and, to a lesser degree, on the channel length [13] .
It was assumed that for selected parameters of the channels between threads in the woven fabrics, the following values might be significant for the flow, including air permeability: the approximate volume of the channel, surface area of spacing as well as the angle of channel inclination. Due to the great sizes of the through-channels between threads in knitted fabrics, in comparison to the woven fabrics tested (from microscopic observations), the parameters of the channels between threads in knitted fabrics were not determined, while the analysis was based on known characteristics of flat textile products, see Table 1 . Table 2 presents characteristics of the channels between threads for selected woven fabrics and the basic relationships determined resulting from the parameters of the channels.
For the calculations, a new coefficient of surface gaps of the woven fabric (ksi) was introduced:
where: P p -summary surface area of channel gaps for a series of woven fabrics, P c -total surface area for a series of woven fabrics
Study on the air permeability of flat textile products and analysis of test results Studies of air permeability were carried out at IW on the woven fabrics and knit-ted fabrics (Table 1) , showing a decrease in pressure of 100 Pa, and surface area tested of 20 cm 2 [17] . The uncertainty of the measurement was determined according to document [17] , being an expanded uncertainty at a 95% confidence level and coverage factor of k = 2 [18] .
The results of air permeability measurements of woven and knitted fabrics and values of statistical parameters are presented in Table 3 .
The value of air permeability of woven fabrics when compared to knitted fabrics shows a large difference resulting from the different structure of these products and the type of yarn used. The knitted fabrics tested, when compared to woven fabrics, have much bigger channels between threads and voids, which is associated with the weave and more relaxed structure of knitting yarn. Knitting yarn has a smaller twist in comparison to warp and weft weaving yarn. For example, for Andromeda woven fabric of compact structure, with few and small channels between threads, the median of air permeability was R = 80.08, mm/s, while for knitted fabric No.1, with considerably bigger through-channels between threads and voids in the yarn (microscopic images), the median of air permeability was R = 5380, mm/s, being 67 times bigger for this knitted fabric in comparison to Andromeda woven fabric. Table 2 . Characteristics of the channels between threads for woven fabrics used in the tests [13] . woven fabric [15] [16] .
use of structured light micro scanning [15] [16] .
For woven fabrics ( Table 1 ) the appropriate cross-sections were made by cutting through with many parallel "cutting" planes, and their degree 3 polynomial approximation was performed, on the basis of which, histograms of the diameters of channel inlets for a particular woven fabric were determined (Figure 1-7) .
A method developed for the reconstruction of the diameter of the channels between the thread inlet and the many cross-sections of the product, as well as the polynomial approximation of these cross-sections performed, enabled to indicate the size and distribution of these diameters in the through-and blindchannels (Table 4) , and also to specify the approximate shape of the channel inlet, which, in most cases of woven fabrics, is an irregular cone, as confirmed by microscopic images.
The empirical distribution of the diameter size of the channel inlet for most of the woven fabrics (Figure 1-7 [15] [16] . [15] [16] . [15, 16] .
Figure 5. Cross-section of diameters and its degree 3 polynomial approximation, and histogram of diameters of channel inlets for Kornel 150 K woven fabric

Rys. 2. Przekrój średnic i jego aproksymacja wielomianem 3. rzędu i histogram średnic wejścia do kanału dla tkaniny Andromeda 150
Rys.3. Przekrój średnic i jego aproksymacja wielomianem 3. rzędu i histogram średnic wejścia do kanału dla tkaniny Gustaw 6/150 [15, 16] . 
G, µm
Determination of the correlation and regression of the channels between selected thread parameters and the air permeability of the products For the woven fabrics given in Figures 8-13 , the regression of the following parameters of channels between threads was determined: surface area of spacing, approximate average volume of the channel, average length of the channel, coefficient of channel spacing, and the thickness and porosity of woven fabric in regard to air permeability.
Correlation results for all parameters of the flat textile products tested are summarised in Table 5 . Figures 8-13 illustrate a strong and very strong correlation for the relevant parameters of the channels between threads (|R| < 1).
A very strong correlation of air permeability shows the spacing surface area (|R| = 0.99) and approximate volume of the channel (|R| = 0.94). A strong correlation of air permeability also shows the coefficient of spacings (|R| = 0.83), porosity of the product (|R| = 0.81), and sett of the warp and weft (|R| =0.70).
A very strong correlation was obtained for the spacing coefficient of the product's surface and porosity of the product (|R| = 0.96) - Table 5 . A strong correlation of the sett of warp and weft was observed for the surface mass and thickness of the product (|R| = 0.85-0.89).
A poor correlation relates to the slight impact of the average length of the channel on the air permeability of the product (|R| = 0.4). The correlation of the diameter of the channel inlet and air permeability is also poor (|R| = 0.4). It is known that the air permeability of a flat textile product does not only depend on the diameter of the channel inlet but also on many technological parameters of the woven fabric: product's thickness, sett of warp and weft, and particularly the size of the channel between threads and voids.
There is no correlation, for example, for, the spacing coefficient of the woven fabric surface and average length of the channel (|R| = 0.013). A negative high correlation means, for example, that with a decrease in the angle of channel inclination, the spacing coefficient of the channel's surface and the porosity of the product increase (R = -0.85). 
Conclusions
Significant differences in the structure of the flat textile products tested were empirically proved. Analysis of the measurement results for different flat textile products shows differences in the arrangement and size of channels between the threads and voids in yarn, mainly associated with the following parameters of the product: type of weave, sett of warp and weft, and the thickness of the product. An influence on the structure of the product is also shown by the yarn structure.
Defined values of channel parameters between filaments according to the method presented, together with the basic parameters of the fabric, showed a mutual correlation and significant influence on the value of the air permeability index.
Statistical analysis of the research results showed the complex nature of many factors on the air permeability of products with specific thickness, of which the important are the size and arrangement of the channels between threads i.e. the approximate volume of the channel (spacing surface area of the product or coefficient of spacings, the angle of channel inclination) as well as the type of weave and sett of warp and weft.
The works presented are a part of a larger research program on the identification of the channels between threads in flat textile products, which deserve special attention due to the fact that voids resulting from the channels are within 0.8-19.9% of the surface mass of woven fabrics.
In the fabric structure analysis, previously used basic structure parameters were taken into consideration, applied in combination with the proposed parameters of the channel between hairs, which allows a more complete picture of the structure Table 5 . Correlation of the parameters of channels between threads and air permeability of flat textile products [18] . of the fabric. It is an innovative proposition compared to existing solutions in this area.
The research proposed and the characteristics of flat textile products and channels between threads initially determined enable to compare various flat textile products and also to predict the parameters which affect their structural properties in a way not previously used. Ongoing research works are also a statement of the possibility of appropriate programming of the voids in flat textile products in order to optimise the flow of air, moisture, various types of electromagnetic radiation such as IR and UV, and thermal resistance, to improve the barrier properties of such products.
Funding
The 
CONFERENCE SCOPE AND OBJECTIVES
The Knitting Conference Knitt Tech 2017 is a continuation of previously conducted business meetings of the representatives of knitting industry and companies specialized in making-up of knitted garments with manufacturers of textile machinery and equipment, representatives of finishing companies, scientists, members of the broadly understood sector of public administration responsible for EU programs, representatives of banks and leasing funds.
The aim of the conference is to promote and exchange knowledge in the area of innovative technologies of knitted garments and technical products, new trends in the sector of raw materials, hosiery and underwear, as well as computer CAD systems for knitwear designing.
The conference agenda also includes the issues of finishing and refining processes, giving the knitted fabrics new functional and utility features. The problems concerning market analysis, production profitability and efficiency in obtaining financial support from sectoral, regional and national programs will also be discussed.
The papers concerning current fashion trends in knitted fabrics and garments, as well as effectiveness of marketing activities in small and medium-size companies will definitely add attractiveness to the conference.
In addition, the conference is intended to be a discussion forum, where participants can share experiences and exchange views on the external factors influencing the knitting industry in Poland.
This time the meeting will be held in one of the most beautiful palaces in Ciechocinek, and the organizers will traditionally make every effort to run it in a relaxed atmosphere.
